We discuss scalar triplet leptogenesis in a specific left-right symmetric seesaw model. We show that the Majorana phases that are present in the model can be effectively used to saturate the existing upper limit on the CP-asymmetry of the triplets. We solve the relevant Boltzmann equations and analyze the viability of triplet leptogenesis. It is known for this kind of scenario that the efficiency of leptogenesis is maximal if there exists a hierarchy between the branching ratios of the triplet decays into leptons and Higgs particles. We show that triplet leptogenesis typically favors branching ratios with not too strong hierarchies, since maximal efficiency can only be obtained at the expense of suppressed CP-asymmetries.
I. INTRODUCTION
Today, one of the major challenges of particle physics and cosmology is to find a convincing model, which accounts for the observed baryon asymmetry of the Universe. The baryon-tophoton ratio is observed to be [1] η B = n B − nB n γ = (6.1 ± 0.2) × 10 −10 .
The introduction of superheavy right-handed neutrinos may account for the baryon asymmetry by the baryogenesis via leptogenesis mechanism [2] , whereby the decays of the heavy neutrinos induce a lepton asymmetry, which is then partly converted into a baryon asymmetry by sphaleron processes. This mechanism has the advantage of simultaneously accounting for the smallness of light neutrino masses via the seesaw mechanism [3, 4, 5, 6, 7, 8, 9, 10, 11] .
with small branching ratio washout is negligible. This implies that the large efficiency is obtained at the expense of a suppression in the CP-asymmetry that is normalized to the total decay width. These two effects compete with each other and we demonstrate that leptogenesis in fact favors the region in parameter space in which the rate of triplet decays and annihilations are comparable, γ A ≈ γ D at M T ≈ T , and also the branching ratios are of similar size, B L ≈ B H .
The paper is organized as follows. In section II we present the model and set up the notation. In section III we discuss triplet leptogenesis, and in section IV we draw our conclusions.
II. LEFT-RIGHT SYMMETRIC MODEL
In this section, the left-right symmetric model of refs. [14, 17] is presented. The Lagrangian contains the following relevant terms
where L and R denote the left-and right-handed leptons, respectively. The Yukawa coupling is assumed to be complex symmetric, i.e., y i = y 
and the triplets T L/R can be written as
By spontaneous symmetry breaking, the Higgs fields acquire vacuum expectation values (vevs) that are related by
where v L/R denote the vevs of the 
The contribution m H from the heavy right-handed neutrinos is hereby usually called the type I term, while the contribution m T from the triplet is called the type II term. This equation can be simplified by using the fact that the combination m T = f v L depends on the
only and not on v L and v R separately. Given a light neutrino mass matrix m ν and Yukawa coupling matrix y, there exists for n flavors 2 n solutions for the triplet Yukawa coupling matrix f as shown in refs. [12, 13] . In the case of one flavor, the inversion becomes particularly simple and one finds the following two solutions
An analytical expression for the inversion of the seesaw relation in the three-flavor case is also given in refs. [12, 13] . The properties of these solutions have been studied in refs. [13, 14, 15] , and in particular, the eigenvalues and mixing properties were investigated. As in these works, we choose the Yukawa coupling matrix y equal to the up-type quark Yukawa coupling matrix, which can be motivated by GUTs [18, 19, 20] . To be specific, we implement the relation y = y up at the GUT scale and in the flavor basis. The CKM matrix is completely attributed to the up-quark Yukawa matrix. We utilize the best-fit values for the parameters of the neutrino mass matrix as given in refs. [21, 22, 23] . It is known that depending on the spectrum of the light neutrinos, running effects can also be sizable in the neutrino sector. In the present study we neglect these effects, since the specific values of the mixing angles will not strongly influence our results concerning leptogenesis. This is due to the fact that our main source of CP violation stems from the additional Majorana phases and not from the Before we discuss triplet leptogenesis, we remark on some of the general properties of the solutions for the right-handed neutrino masses. In the regime of small v R /v L , both contributions in eq. (8) 
III. TRIPLET LEPTOGENESIS
In the traditional framework of leptogenesis, the CP-asymmetry is induced by the decay of the lightest right-handed neutrino. Here we give a brief review of the case when instead the triplet is the source of leptogenesis. In this case, the CP-asymmetry has been studied in refs. [24, 25, 26] . The full set of Boltzmann equations were derived and solved in ref. [17] .
Generally, one would expect that the produced baryon asymmetry is suppressed, since the gauge scattering keeps the triplets close to thermal equilibrium, preventing sufficient out-ofequilibrium decays. However, it was shown in ref. [17] that, due to an interplay of the two possible decay channels of the triplet, a quasi maximal efficiency can be achieved.
The Lagrangian in ref. [17] contains the following relevant terms
Comparing this with the Lagrangian in eq. (3), one can make the following two identifica-
Notice that perturbative unitarity in the left-right symmetric model implies κ 1 instead of λ H 1 as used in ref. [17] . The former constraint is less severe, since f 1, and hence, v R m N 3 M T in the parameter region that is interesting for triplet leptogenesis.
A. CP-asymmetry
The CP-asymmetry is due to the decay of the triplet via the two possible channels T L → HH and T L →LL, where H and L denote Higgs and lepton doublets, respectively. We follow the notation of ref. [17] and denote the branching ratio into Higgs bosons by B H and the branching ratio into leptons by B L , and assume that these are the only possible decay channels, i.e., B L + B H = 1. At tree level, the decay rates are given by [17] 
If the triplet is lighter than the right-handed neutrinos, the CP-asymmetry takes the form [17] 
In this expression, m T (m H ) denotes the triplet (right-handed neutrino) contribution to the light neutrino mass as given in eq. (8) . In addition, we have introduced the parameter
Notice that using eqs. (6) and (12) m T can be recast as
such that
An upper bound on the CP-asymmetry was also derived in ref. [17] and found to be
where m ν i denote the light neutrino masses.
In our specific model, we use the following input parameters. As mentioned in the last section, a reasonable choice for the Yukawa coupling matrix y, motivated by GUTs, is the up-quark Yukawa coupling. In addition, the Majorana phases, the ratio v R /v L , the lightest neutrino mass m 0 , and the hierarchy of the light neutrinos have to be specified. Using these parameters, the seesaw formula in eq. (8) can be used to determine f v L , and thus, the masses of the right-handed neutrinos and the parameterm T . The CP-asymmetry ǫ L depends in addition on B L and B H , but only through the explicit factor in eq. (15) .
The values of B L and B H depend in the case of fixed
In the following, we plot the quantitiesm T and ǫ L /ǫ L,max that are both independent from the choice of B H , B L , and M T . M T , andm T as free parameters in the following discussion of the transport equations.
B. Boltzmann equations
The complete set of Boltzmann equations has been derived in ref.
[17] and we will discuss some qualitative results in the following. First, since triplets, different from Majorana neutrinos, are not self-conjugated fields, the evolution of the number asymmetry n T − nT is governed by an additional equation. Besides, the system of equations describes the evolution of the number density of the Higgs particles n H . The rates that are most important for determining the efficiency η are the gauge scatterings γ A and the triplet decays into Higgs
. If one of the decay rates of the triplet (γ H or γ L ) is larger than the gauge scatterings, the triplets decay before annihilating, thus making the gauge scatterings inefficient. This would also imply that the triplet decay rate is larger than the expansion rate, which would therefore seem to make leptogenesis impossible.
However, if the second decay rate is smaller than the expansion rate, a lepton asymmetry can be induced. It is this interplay of γ L , γ H , and γ A , which can result in a quasi-maximal efficiency in triplet leptogenesis, as demonstrated in ref. [17] . On the other hand, a hierarchy between B L and B H leads to a suppression in the CP-asymmetry as can be seen in eq. (19) such that it is not guaranteed that the produced baryon asymmetry is maximal in this region of the parameter space.
Our results are obtained by solving a simplified set of transport equations, where we include the ∆T = 2 scatterings as given in ref. [17] , but neglect the ∆L = 2 scatterings that are minute in most cases. The corresponding set of Boltzmann equations are (z = M T /T )
where Σ T , ∆ X , and Y X denote particle numbers normalized to the entropy
that are in equilibrium given by
The Hubble parameter is H ≃ 1.66 √ g * T 2 /M P l and the rate of triplet decays and inverse decays is given by
where Γ T is the decay width as given in eq. (13) . The annihilation rate γ A turns out to be
σ(x) = 50g 
such that the baryon-to-photon ratio is at late times given by
Before we present numerical results, we analyze the qualitative behavior of the solutions to the transport equations in certain limiting cases. First of all, notice that eq. (21) that described the dynamics of the total triplet number density decouples from the other equations.
An explicit solution is given by
Here, the function S was defined that will act as a source for the lepton and Higgs asymmetries. The magnitude of the source depends on the two decay rates that are to high precision given by the approximations
For small values of the triplet mass, M T 10 11 GeV, the annihilation rate is strong enough to keep the triplets close to equilibrium when they become non-relativistic. Hence, the source increases linearly with the decay rate as long as γ D ≪ γ A , but becomes exponentially suppressed for γ D ≫ γ A . The branching ratio that maximizes the produced baryon asymmetry depends crucially on the question if triplet decays are faster than annihilation processes or vice versa, as will be discussed in the following.
From the three equations that determine the dynamics of the lepton number and Higgs asymmetries, eq. (24) is redundant, since U(1) Y conservation implies that
and the remaining two equations are then of the form
Since ∆ T is proportional to ∆ L − ∆ H , the effect of eq. (24) is to distribute a generated asymmetry between the two channels. This process is dominant at late times, when all triplets decay and Σ
Thus, it is not important in which channel the asymmetry was generated initially. First, we discuss the limit γ D ≫ γ A when annihilation processes are negligible. If one of the branching ratios, e.g. B H , is much smaller than the other, washout is only operative in one channel, while the other channel accumulates a significant asymmetry. Nevertheless, this asymmetry is partially reduced by the mixing with the triplet asymmetry ∆ T and finally equally distributed between the two channels. In this regime, the efficiency η does not depend strongly on the branching ratios and, comparing with eq. (15), one expects that the produced baryon asymmetry is proportional to
On the other hand, for larger values of B H washout is significant and the baryon asymmetry produced by the Higgs decay channel starts to be exponentially suppressed for
such that according to eq. (34) the optimal choice for B H (and likewise for B L ) scales as
This is demonstrated in Fig. 4 In the opposite limit, γ D ≪ γ A , the source S is proportional to γ D , according to eq. (32).
Washout is not relevant and the efficiency η is independent of B L and B H even for large annihilations become important and compete with the two decay processes. Still, a large hierarchy between the branching ratios is not required for leptogenesis, even though the optimal value of the branching ratio depends in this region on the specific values of the decay and annihilation rates.
IV. DISCUSSION
Before we discuss our results, we remind the reader that most of the conclusions drawn in the left-right symmetric seesaw model depend on the fact that the eigenvalues of the Yukawa coupling matrix y contain a large hierarchy. Some statements depend even on the fact that we assume y to be similar to the up-quark mass matrix. On the other hand, we believe this to be the natural choice in left-right symmetric models. In seesaw models of pure type I, a large hierarchy in the Yukawa couplings requires a certain amount of fine-tuning, since the Majorana coupling matrix f inherits the doubled hierarchy of y. In type I+II models, and particularly in the left-right symmetric model under consideration, this does not hold true so that these models can be more easily embedded into a GUT, what motivates our choice for the Yukawa coupling matrix.
First of all, viable triplet leptogenesis requires that the triplet is lighter than the lightest right-handed neutrino, otherwise inverse decays erase every produced lepton asymmetry.
In the present left-right symmetric model, this implies that only the two solutions for the Majorana masses of type '± + +' can account for the observed baryon asymmetry, and 
which is in accordance with observation for m 0 ≈ 0.05 eV and for an almost maximal CPasymmetry. This is slightly better than the result obtained in ref. [17] , since we maximized the baryon asymmetry with respect to B H . Nevertheless, the prospects of triplet leptogenesis are generally worse than the ones of leptogenesis driven by right-handed neutrino decays in the left-right symmetric model [14] and are not compatible with the bounds on the reheating temperature coming from gravitino physics in supersymmetric models.
